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Princip rontgenovej fluorescencie —— UJFI

UsTAV JAD

Rontgenova fluorescencia = emisia charakteristického sekundarneho (alebo
fluorescencného) Ziarenia materidlom, ktorého atémy boli excitované

vysoko-energetickym rontgenovym alebo gama-ziarenim.

Wavelength 1 um 100 nm 10 nm I1nm 100 pm | 10 pm l1pm 100 fm
frerrr T frrrrTTeT [T T AR [T [rrrrrTeT 1

visi§E light soft X—rays
ultraviolet light hard X--rays

| Ll Ll T | Lol [ N Lol Ll
Photon energy 1 eV 10ev 100eV 1keV 10keV 100keV 1MeV 10 MeV

Kazdy prvok - Specificka Struktura energetickych hladin elektrénového
obalu = emisia rtg. Ziarenia s jedine¢nym zastUpenim vinovych dizok v

procese fluorescencie - jednoznacna identifikacia prvku.




Interakcia rtg. ziarenia s latkou - mechanizmy :%UJFI

v' Fotoefekt
(absorpcia fotonu, emisia fotoelektronu a nasledne
charakteristického ziarenia)

v' Comptonov rozptyl
(nepruzny rozptyl na slabo viazanych elektréonoch,
emisia fotonu s nizSou energiou)

v' Rayleighov rozptyl
(pruzny rozptyl na silne viazanych elektronoch,
emisia fotdnu s nezmenenou energiou)
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Fotoefekt — UJFI
US'AY—IJ\DmIKﬂlN(HO INZINIERSTYA

Elektrén je dopadajucim rontgenovym Ziarenim vyrazeny z K-vrstvy a na jeho
mieste vznika vakancia.

Fotoelektron z K-vrstvy

e~ AE=E —E,

E,— vystupna praca

E

Dopadajuce Ziarenie
z rtg. trubice alebo z
radioizotopového zdroja

atom titanu (,,Ti)




Emisia charakteristického Ziarenia —— UJFI

K-Ciary

Vakancia na K-hladine: elektrén z L- alebo Vakacia na L-hladine (p6sobenim primarneho
M-hladiny prechadza na K-hladinu a zaplia rtg-ziarenia alebo po predchadzajucej udalosti):
vakanciu — emisia charakteristického rtg. elektrén z M- alebo N-vrstvy zapifia tuto
Ziarenia (jedine¢né pre dany prvok) - vznik vakanciu - emisia charakteristického rtg. Ziarenia
vakancii na L-, resp. M-hladine. - vznik vakancie na M-, resp. N-hladine.
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Pravdepodobnost fotoefektu

Pravdepodobnost fotoefektu: Pre = 0pe/Sp

Ope - UCinny prierez fotoelektrického javu
Sy - plocha zvazku z rtg. trubice

2y ;. , ANpi/At
Ucinny prierez fotoefektu na atom: o, = 77—

pPh\(Ng

< At ><Sb)

AN, ; /At - poCet fotoionizacii za jednotku Casu, zavislé od energie
AN,y /At — pocCet dopadajucich foténov za jednotku Casu

N, /S, - pocCet terCikovych atdmov na jednotkovu plochu zvazku
Vztah plati pre monoenergetické fotony!

Fotoefekt mo6ze nastat, len ak energia dopadajuceho rtg. Ziarenia je vacsia ako
vazbova energia elektronu! — minimalna energia — absorpcna hrana




Mechanizmy deexcitacie atému —— UJFI

UsTAV JAD

Produkcia Augerovych elektronov v procese deexcitacie — energia vzbudenia
atomu je odovzdana jednému z valencnych elektronoy, ktory je nasledne
uvolneny z atomu.

Pr
brt+Da

v vySsia pravdepodobnost pre [ahsie prvky (Spektroskopia Augerovych elektrénov)

v" konkuren¢ny proces k fluorescencii — fluorescenény vytazok w =

3 10 20 30 40 45
1.0F T T T T T T
? 0.8
AE=E,-E, E, E
o
Auger =
el = 06
ectron ]
= —— Auger electron yield
alh N T X- ray yield
@
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ROVEHO A FYZIKALNEHO INZINIERSTVA

UsTAV JAD

Energetické hladiny atomu

Mozné prechody medzi
T . hladinami dané vyberovymi

N, 4s [4,0, 1/2] . .
pravidlami: An>0,Al=%+1,A)=0,+1
Mul
M, s, B2 52 j i Pravdepodobnosti prechodov
M, 3d,, 3,2, 3/2] — ’ .
M, S, B, 32 , : stanovované teoreticky a
M, 3Py (3,1, 112 o o ’ . ’
M 3 (3.0, 12 verifikované experimentalne
Lol ] (tabelované)
Ly Lo _Lsa
“ Oznacovanie prechodov medzi
| energetickymi hladinami
L, 2., (2,1, 3/2] - L L
L 2P 2,1, 1/2] 7 . até mu.:
L, 2s 2,0, 1/2]
K | Ko Koz w
Lk ]S S motation K: prechod na K-hladinu
KLy | KM, ™~ |UPAC notation .
L: prechod na L-hladinu,...
K 1s (1,0, 12] ) a, B, 1,2,..

Energy Electron Quantum
Level Configuration Numbers




Energetické hladiny atomu
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Energetické hladiny atému — UJFI

USTAV JADROVEHO A FYZIKALNEHO INEZINIERSTVA

Fe Ni Cu Zn Pb
Atomic Levels E [eV]
K 1s 7.112 8,333 8,979 9,659 88,005
_ L 2s 845 1.009 1.097 1.196 15.861
Lo 2P 720 870 952 1,045 15,200
L3 2pai 707 8563 933 1,022 13,035
M 3s 91 111 122 140 3,851
—_— M- 3P 53 68 77 91 3,554
- M 3Pz 53 66 75 89 3,066
Characteristic X-Ray Lines E [eV]
K. K—Ls 6,404 7,478 8,048 8,639 74.969
K. K—Ls 6,391 7.461 8,028 8,616 72.804
K1 K—-M; 7,058 8,265 8,905 8,572 84,936
[ L3 — Ms 705 862 930 1,012 10,552
L2 Lz — My 705 852 930 1,012 10,450
L Lo — My 718 869 950 1,035 12,614

Energie charakteristického rtg. ziarenia nezavislé od chemickych vazieb
— prvkova analyza
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— UJFI

USTAV JADROVEHO A FYZIKALNEHO INEZINIERSTVA

Energie charakteristického ziarenia

Group
124 AIA
H Key to He
1 Energy Values 2
11 in keV I, A VA Vi I&,
0.082 0.110 Kot Ky 0.185 0.282 0.392 0.526 0.677 0.851
Li Be ‘;‘; B c N 0 F Ne
3 4 Lt Lo 5 6 7 8 9 10
1.04 1.07 1256 130 1.49 1.55 174 183 202 214 231 246 262 282 296 319
Na Mg Craue Al si P s cl Ar
" 12 Ili=] VB B w18 Nlls] | B 1B 13 14 15 16 17 18
331 3459 369 401 409 448 451 493 495 543 f.41 585 590 B.49 5.40 7.0B BE53 7ES 748 826 8.05 8.50 8B4 957 925 1026 | 989 1098 | 1054 1173 | 1122 1240 | 11.82 1329 [ 1265 14.11
K Ca Sc Ti v Ccr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
0.34 0.40 0.45 0.46 0.51 0.52 0.57 0.58 0.64 0.65 0.70 0.72 0.78 0.79 0.85 0.87 0.93 0.95 1.01 1.03 1.10 1.12 119 1.21 128 1.32 1.38 1.42 148 163 1.59 164
13.39 1496 | 1416 1583 | 1496 16.74 [ 1577 1767 | 16.61 1862 | 17.45 19.61 | 18.41 19.61 | 19.26 2166 | 2021 2272 | 2118 23.82 | 2216 24.94 | 2317 26.08 | 2421 2727 [ 2527 2848 | 26,36 2072 | 27.47 3099 | 2661 3229 | 29.60 3364
Rb Sr Y ar Nb Mo Tc Ru Rh Pd Ag cd In Sn Sh Te | Xe
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
169 175 1.81 167 1.92 2.00 204 212 217 226 229 240 2.42 2.54 2.56 2.68 270 283 2.84 299 298 3.15 3.13 3.32 3.29 3.49 3.44 366 361 3.84 3.77 4.03 3.94 4322 411 4.42
3087 3498 | 32.19 3638 8576 6321 | 67.52 B5.21 | 99.31 B7.23 | B1.13 69.30 | 6259 71.40 | B4.89 73585 | BE.62 7574 | 68.79 77.97 | 70.82 B0.26 | 72.86 5256 | 74.96 8492 | 77.10 87.34 | 79.30 89.81 | 81.53 9232 | §3.60 24.55
Cs Ba 57 -71 Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
429 452 4.47 483 7.90 9.02 815 9.34 8.40 567 865 1001 | 891 1035 | 519 10.71 | 944 1107 | 971 1144 | 593 1182 | 10.27 1221 | 10.55 1261 | 1084 1302 [ 1113 13.44 | 11.42 13687 | 1172 1432
06.12 97.48 | B0.46 100.14 [ 90.85 102.85 | 93.33 105.59 | 95.85 108.41 | 95.43 111.29 [101.00 114.18{103.65 117.15|106.35 120.16 | 102.10 123.24{111.90 126.36 | 114.75 129.54 | 117.65 132.78(120.60 136.08
Fr Ra Ac Th Pa u Np Pu Am Cm Bk cf Es Fm Md No Lr Actinides
87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 90-103
12.03 1477 | 1234 1523 | 1265 1671 | 1287 1620 | 13.29 1970 | 13.61 17.20 | 1395 17.74 | 1498 1828 | 1462 1883 | 1496 19.39 | 1631 19.97 | 1566 20.56 | 16.02 2117 | 16.38 2179
j 33.44 3780 | 3472 3926 | 36.02 4075 [ 37.36 42.27 | 3805 43.96 | 40.12 4540 | 41,53 47.03 | 4208 4872 | 44,47 50.33 | 4583 5218 | 47.53 5303 | 49.10 5569 | 5073 57.58 | 52.36 52.35 | 54.06 £1.28
Lanthanides La Ce Pr Nd Pm sm Eu Gd Tb Dy Ho Er m Yb Lu
57-71 57 58 59 60 61 62 63 64 65 66 67 68 69 70 Il
4.60 5.04 4.84 526 5.03 5.49 5.23 572 5.43 5.96 5.64 B.21 5.85 B.46 B.06 B.71 5.25 6.98 B.50 7.25 6.72 7.53 B.95 7.81 7.18 8.10 7.41 §.40 7.B5 871
Actinium - Ac 89 Brarmine - Br 35 Dysprosium - Dy B& Helium - He 2 Lutetium - Lu 71 MNobelium - Mo 102 Radium - Ra 88 Strantium - Sr 38 Uraniurn - U192
Aluminum - Al 13 Cadmium - Cd 48 Einsteinium - Es 29 Holmium - Ho B7 Magnesium - Mg 12 Osmium - Os 76 Radon - Rn 86 Sulphur - 516 “Wanadium - % 23
Americium - Am 55 Calcium - Ca 20 Erbium - Er 68 Hydrogen - H 1 Manganese - Mn 25 Cixygen- 08 Rhenium - Re 74 Tantalum - Ta 73 Xenaon - ¥e 54
Antirmony - Sb a1 Californiurm - Cf 98 Europium - Eu B3 Indiurm - In 49 Mendelevium - Md 101 Falladiurm - Pd 46 Rhodiurm - Rh 45 Technetium - Te 43 Yterbium - ¥b 70
Argon - Ar 18 Carbon - C B Fermium - Fm 100 lodine - 1563 Mercury - Hy 50 Fhogphorus - P 15 Rubidiurm - Rb 37 Tellurium - Te 52 Yitriurm - Y 39
Argenic - As 33 Cetiumm - Ce 58 Fluarine - F 3 Itidiurn - Ir 77 Molybdenurn - Mo 42 Platinurn - Pt 78 Rutheniurm - Ru 44 Terbiutmn - Th BS Zine - Zn 30
Astatine - At 85 Cesium - Cs 55 Franciurn - Fr 87 Iran - Fe 26 Neadyrniurn - Nd B0 Plutaniurm - Pu 94 Sarnarium - S B2 Thallium - TI &1 Zirconiurm - 7r 40
Barium - Ba 56 Chlorine - CI17 Gadolinium - Gd 64 Krypton - Kr 36 Meon - Ne 10 Polonium - Po 84 Scandium - Sc 21 Tharium - Th 50
Berkelium - Bk 97 Chromium - Cr 24 Gallium - Ga 31 Lanthanum - La &7 Meptunium - Np 93 Potassium - K19 Selenium - Se 34 Thulium - Tm B9
Berylliurm - Be 4 Cobalt - Co 27 Germanium - Ge 32 Lawrenciurm - Lr 103 Mickel - Mi 28 Prageodymiurm - Pr 52 Silicon - Si 14 Tin - Sn 50
Bismuth - Bi 83 Copper- Cu 29 Gold - Au 79 Lead - Pb 62 Miobiurm - Mb 41 Fromethiurn - Prn 61 Sihver - Ag 47 Titanium - Ti 22
Boron- B 5 Cutiurn - Crn 96 Hafhnium - Hf - 72 Lithiurn - Li 3 Mitrogen - N 7 Protactiniurm - Pa 91 Sodium - Ma 11 Tungsten - W74
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Energie charakteristického ziarenia

Broup Hn"l Hﬂ 1
124 AIA
H Key to Au He
1 Energy Values 2
11 in keV ?H I, A VA Vi I&,
0.082 0.110 Kot Ky 0.185 0.282 0.392 0.526 0.677 0.851
Li Be ‘;‘; L L B c N 0 F Ne
3 4 Lt Lps = B 1 5 6 7 8 9 10
1.04 1.07 1256 130 1.49 1.55 174 183 202 214 231 246 262 282 296 319
Na Mg Craue Al si P s cl Ar
" 12 Ili=] VB B w18 Nlls] | B 1B 13 14 15 16 17 18
331 3459 369 401 409 448 451 493 495 543 f.41 585 590 B.49 5.40 7.0B BE53 7ES 748 826 8.05 8.50 8B4 957 925 1026 | 989 1098 | 1054 1173 | 1122 1240 | 11.82 1329 [ 1265 14.11
K Ca Sc Ti v Ccr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
0.34 0.40 0.45 0.46 0.51 0.52 0.57 0.58 0.64 0.65 0.70 0.72 0.78 0.79 0.85 0.87 0.93 0.95 1.01 1.03 1.10 1.12 119 1.21 128 1.32 1.38 1.42 148 163 1.59 164
13.39 1496 | 1416 1583 | 1496 16.74 [ 1577 1767 | 16.61 1862 | 17.45 19.61 | 18.41 19.61 | 19.26 2166 | 2021 2272 | 2118 23.82 | 2216 24.94 | 2317 26.08 | 2421 2727 [ 2527 2848 | 26,36 2072 | 27.47 3099 | 2661 3229 | 29.60 3364
Rb Sr Y ar Nb Mo Tc Ru Rh Pd Ag cd In Sn Sh Te | Xe
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
169 175 1.81 167 1.92 2.00 204 212 217 226 229 240 2.42 2.54 2.56 2.68 270 283 2.84 299 298 3.15 3.13 3.32 3.29 3.49 3.44 366 361 3.84 3.77 4.03 3.94 4322 411 4.42
3087 3498 | 32.19 3638 8576 6321 | 67.52 B5.21 | 99.31 B7.23 | B1.13 69.30 | 6259 71.40 | B4.89 73585 | BE.62 7574 | 68.79 77.97 | 70.82 B0.26 | 72.86 5256 | 74.96 8492 | 77.10 87.34 | 79.30 89.81 | 81.53 9232 | §3.60 24.55
Cs Ba 57 -71 Hf Ta w Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
429 452 4.47 483 7.90 9.02 815 9.34 8.40 567 865 1001 | 891 1035 | 519 10.71 | 944 1107 | 971 1144 | 593 1182 | 10.27 1221 | 10.55 1261 | 1084 1302 [ 1113 13.44 | 11.42 13687 | 1172 1432
06.12 97.48 | B0.46 100.14 [ 90.85 102.85 | 93.33 105.59 | 95.85 108.41 | 95.43 111.29 [101.00 114.18{103.65 117.15|106.35 120.16 | 102.10 123.24{111.90 126.36 | 114.75 129.54 | 117.65 132.78(120.60 136.08
Fr Ra Ac Th Pa u Np Pu Am Cm Bk cf Es Fm Md No Lr Actinides
87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 90-103
12.03 1477 | 1234 1523 | 1265 1671 | 1287 1620 | 13.29 1970 | 13.61 17.20 | 1395 17.74 | 1498 1828 | 1462 1883 | 1496 19.39 | 1631 19.97 | 1566 20.56 | 16.02 2117 | 16.38 2179
j 33.44 3780 | 3472 3926 | 36.02 4075 [ 37.36 42.27 | 3805 43.96 | 40.12 4540 | 41,53 47.03 | 4208 4872 | 44,47 50.33 | 4583 5218 | 47.53 5303 | 49.10 5569 | 5073 57.58 | 52.36 52.35 | 54.06 £1.28
Lanthanides La Ce Pr Nd Pm sm Eu Gd Tb Dy Ho Er Tm Yb Lu
57-71 57 58 59 60 61 62 63 64 65 66 67 68 69 70 Il
4.60 5.04 4.84 526 5.03 5.49 5.23 572 5.43 5.96 5.64 B.21 5.85 B.46 B.06 B.71 5.25 6.98 B.50 7.25 6.72 7.53 B.95 7.81 7.18 8.10 7.41 §.40 7.B5 871
Actinium - Ac 89 Brarmine - Br 35 Dysprosium - Dy B& Helium - He 2 Lutetium - Lu 71 MNobelium - Mo 102 Radium - Ra 88 Strantium - Sr 38 Uraniurn - U192
Aluminum - Al 13 Cadmium - Cd 48 Einsteinium - Es 29 Holmium - Ho B7 Magnesium - Mg 12 Osmium - Os 76 Radon - Rn 86 Sulphur - 516 “Wanadium - % 23
Americium - Am 55 Calcium - Ca 20 Erbium - Er 68 Hydrogen - H 1 Manganese - Mn 25 Cixygen- 08 Rhenium - Re 74 Tantalum - Ta 73 Xenaon - ¥e 54
Antirmony - Sb a1 Californiurm - Cf 98 Europium - Eu B3 Indiurm - In 49 Mendelevium - Md 101 Falladiurm - Pd 46 Rhodiurm - Rh 45 Technetium - Te 43 Yterbium - ¥b 70
Argon - Ar 18 Carbon - C B Fermium - Fm 100 lodine - 1563 Mercury - Hy 50 Fhogphorus - P 15 Rubidiurm - Rb 37 Tellurium - Te 52 Yitriurm - Y 39
Argenic - As 33 Cetiumm - Ce 58 Fluarine - F 3 Itidiurn - Ir 77 Molybdenurn - Mo 42 Platinurn - Pt 78 Rutheniurm - Ru 44 Terbiutmn - Th BS Zine - Zn 30
Astatine - At 85 Cesium - Cs 55 Franciurn - Fr 87 Iran - Fe 26 Neadyrniurn - Nd B0 Plutaniurm - Pu 94 Sarnarium - S B2 Thallium - TI &1 Zirconiurm - 7r 40
Barium - Ba 56 Chlorine - CI17 Gadolinium - Gd 64 Krypton - Kr 36 Meon - Ne 10 Polonium - Po 84 Scandium - Sc 21 Tharium - Th 50
Berkelium - Bk 97 Chromium - Cr 24 Gallium - Ga 31 Lanthanum - La &7 Meptunium - Np 93 Potassium - K19 Selenium - Se 34 Thulium - Tm B9
Berylliurm - Be 4 Cobalt - Co 27 Germanium - Ge 32 Lawrenciurm - Lr 103 Mickel - Mi 28 Prageodymiurm - Pr 52 Silicon - Si 14 Tin - Sn 50
Bismuth - Bi 83 Copper- Cu 29 Gold - Au 79 Lead - Pb 62 Miobiurm - Mb 41 Fromethiurn - Prn 61 Sihver - Ag 47 Titanium - Ti 22
Boron- B 5 Cutiurn - Crn 96 Hafhnium - Hf - 72 Lithiurn - Li 3 Mitrogen - N 7 Protactiniurm - Pa 91 Sodium - Ma 11 Tungsten - W74




Réntgenova fluorescenénd analyza (RFA) ——UJFI

X-ray fluorescence analysis (XRF)

1929 — Richard Glocker a Hans-Wilhelm Schreiber

analyticka metdda vyuzivajuca princip  rontgenovej
fluorescencie na urcovanie zlozenia a koncentracie prvkov v
roznych materialoch a vzorkach
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Princip RFA
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USTAV JADROVENO A FYZIKALNEHO INZINIERSTVA

Zdroj primarneho Ziarenia —>

rtg. trubica, radionuklidovy

zdroj, pripadne synchrotron

I

X-ray tube
221 keV

(1)
o .
\

Charakteristické Ziarenie registracia
polovodi¢ovym detektorom — spracovanie

— jednoznacna identifikacia prvku

Detector
Si diode

Enérgy Spectrum l

o
=1
o

ololo|o|=|e|e

==

c
= [FE[EEERR

A
1]
wn
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Experimenter’s XRF Kit (Amptek) = UJFI

AMETEK

®
— AMP TEK ‘{ MATERIALS ANALYSIS DIVISION

(Ag tercik; napatie 10 - 40 kV; prud 5 — 200 LA;
Be okienko hrubky 500 um; & zvazku cca 2 mm s
pouiitl'm kolimétora)

Q spektrometer X ', ktory obsahuje:

Si-PIN detektor (plocha 6 mm?; hrubka

500 um; 12,5 um Be okienko; termoelektrické

chladenie)

ndbojovo-citlivy predzosilnovac

digitalny impulzny procesor

mnohokandlovy analyzdtor

napdjanie a rozhranie k PC
°C s vyhodnocovacim softvérom ADMCA a XRS FP

ontazna doska MP1 zabezpecujuca zachovanie
definovanej geometrie
= (dvojvrstvové — hlinik a mosadz)

drziak vzorky (plast)

o0 00
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Experimenter’s XRF Kit (Amptek)
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Zdroj rontgenového Ziarenia —— UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

Mini-X 50 kV Isopower Curve (Max. 4 Watts)
250

srass o ' 200
Safoy
'-_

e
[92]
=}

Heavy metallic target

Cathode Acclerated electrons

/ hmlngthe target anod \ Glass housing

Current [pA)

3

g :§ Anode :| 50
= ]
0
: 0 10 20 30 40 50 60
Heated filament emits Voltage (kV)

electrons

Emiited X-rays

(Bremsstrahlung + characteristic
X-rays)
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Zdroj rontgenového Ziarenia —— UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

Mini-X

MINkX Angular Responsea

Features

- 40 kV /100 pA

« Ag or Au target
« USB controlled
« Stable output

« Fast

« Low power

» Small

g

120" X-Ray Cone

3y
Hormnalizad Counts (%
I .

o

S0 ) 40 3 20 a0 0 0 3 30 40 N &
Mm

Applications Mini—X Output X-Ray Spectra
» X-Ray Fluorescence Ag Target @ 40 kV Au Target @ 40 kV
(XRF) analysis Ag,. Au

» Portable systems A

« OEM Le
« Process Control
« Research

« Teaching

La

Counts
Counts

Au

Ly

0 5 m 15 20 25 30 35 40 45 0 5 1w 15 20 25 30 35 40 45
Energy (keV) Enargy (keV)
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Zdroj rontgenového Ziarenia ——=UJFI

Mini-X

Output Spectrum Comparison
Gold (Au ) vs. Silver (Ag) Target

Au

— Silver (Ag)

—— Gold (Au)

Counts

0 10 20 30 40 50
Energy (keV)
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Zdroj rontgenového ziarenia

— UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

Mini-X

Mini-X Output Spectrum at Different Voltages:
Silver (Ag) Target

—10kV
—20kV

u —30kV
|

%11

—40 kv

Counts

—50 kV

20 30 40 50
Energy (keV)

Counts

Mini-X Output Spectrum at Different Voltages:
Gold (Au) Target

—10kV
—20 kv
—30kV
—40 kV
—>50 kV
AI T Bm——=_ T e T
10 20 30 40 50
Energy (keV)

21



Spektrometer 1-2-3

— UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

incident

particle L

" Mounting
Stud

" Window

Si-PIN polovodic¢ovy detektor —
interakcia charakteristického ziarenia
s materialom polovodic¢a — produkcia
elektréon-dierovych parov - nabojovy
impulz Umerny odovzdanej energii

O plocha 6 mm?
U hrudbka 500 um

O 12,5 um Be okienko

d termoelektrické chladenie

Anode (+)
A electrons
_____ g -'r:g Charge Sensitive Shaping
¥ current Preamplifier voltage Amplifier
ions pulse steps
Detector
Cathode (-) 97
5
= g
5 ]
s g
s
g
o
Time Time

Pulse Analysis
shaped voltage Electronics
pulse
5
(= N
5
o
=
@
(= 8
m
=
w
Time

Spectrum
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Si-PIN polovodicovy detektor
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USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

Si-PIN dioda s dvoma planarnymi kantaktami
—> homogénne elektrické pole v priestore medzi elektrédami;
vyhoda — dostupné vacsie aktivne plochy a hrubsie OPN =

vysSsia detekéna Ucinnost; nizsia cena

Detector Bias
Supply

Reset Circuit

Low Frequency

Feedback

Incident
X-ray I
Anode (+) |
“.\ A electrons g Ce
© Yo F 41
® ® 1) — o
W ions / ;./ " Preampllfler/
) ,a']' / / ."'l; ,';I
Cathode (-) /f/ / < /]
Si-PIN /f J
Photodiode

/o

[/
/
/
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SDD polovodicovy detektor
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1 DROVEHO A FYZIKALNEHO INEZINIERSTVA

UsTAV JA

Incident
X-ray

vhodné pouzitie pri vysokych pocetnostiach

Cathode (-)

E%“\

Silicon Drift
Diode (SDD)

Detector Bias
Supply

1(1)

Reset Circuit

SDD — driftova didda — planarna katdda, ale velmi mala andda
obklopena sustavou prstencovych elektréd — nizka vstupna
kapacita, nezavisla od plochy detektora (plocha anddy sa nemeni)
= nizky Sum, obzvlast pri kratkych napoctovych ¢asoch=

Low Frequency
Feedback

cgg C,

Electrodes (-)
Anode

=||: Preamplifier fﬁ‘f Shaping Amplifier /;’f
.'/ /‘l
/ /
AV :f-f,/ / /
U U
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SDD polovodicovy detektor — UJFI

Signal Anode Incident X-rays
N+ (FET) M

Radial drift field

Edge of active volume
Cathode

Thin P+ (-50V)

N

Inner Drift Ring
P+ (-20V)

Outer Drift Ring
P+ (-100V)
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Polovodicovy detektor — porovnanie SDD a Si-PIN
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s
1 ROVEHO A FYZIKALNEHO INZINIERSTVA

UsTAV JAD

Resolution (eV FWHM @ 5.9 keV)

25 mm2 SDD

RozliSenie vs pocetnost

300 —TTTTTTIT —
SuperSDD - 25 mm”®
280
1___Ied_1J
260 Maximum output |
Count Rate 1
240 / r
0.2us |
220 /
200 7 04 ps}
180 ’
V |{J_8 _u§|
160
P 16 ps
140 = [2.4 us]
- 4.8 us
il ezl
120
1.0E+03 1.0E+04 1.0E+05 1.0E+08 1.0E+07

Input Count Rate {59{:'1]

eV FWHM (@5.9 keV)

300

6 mm?2 Si-PIN

v I TII0—
Planar - 6 mm? I Maximum output,
280 ' Count Rate [
260 1 T _/'|0.Bus|
240 7
| i /24 s
220
200
48us
7 s |
180
/
96 us

160 = i —

140 [256 us|

120

1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07

Input Count Rate (sec™)

SDD - lepSie energetické rozliSenie ako Si-PIN pri strednych pocetnostiach a vyznamne
lepSie rozliSenie pri vysokych pocetnostiach; rozdiely najvyraznejsie pri nizkych energiach
(nizke Fanovo rozsirenie). Nevyhoda: mensie plochy a hridbky — nizsia Ucinnost; vyssia
cena (naroc¢nejsia technoldgia).
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Polovodicovy detektor — porovnanie SDD a Si-PIN
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1 DROVEHO A FYZIKALNEHO INEZINIERSTVA

UsTAV JA

Rozlisenie vs pocetnost

7 mm2SDD 6 mm2 Si-PIN
1.0E+04
SDD vs SiPIN
] —SDD 25.6 usec
8.0E+03 + — SIPIMN 25.6 usec
] —SDD 4 8 usec
— SIPIMN 4.8 usec
6.0E+03 4
w 4
et
c
=
=]
u ]
4 0E+03 +
2.0E+03 +
0.0E+00 L T T L T T T T L] T T + = T : T
550 570 590 6.10 6.30 6.50 6.70
Energy (keV)
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XRF spektrum

——= UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

Detector
-

Compton

scather

1.5 ey
Compion
SCattEr
205 kel

Intensity

Interferences

1.0E+00 5
Spectrem measured by detector
Includes attenuation in Be and detector,
.-"'/ escape peaks, electron escape
10E-01
Envircnmental

1
1ﬂEﬂE?- l\E
|

1003 4 LY YU

|4

L~ v

Compton scatter
from detector

Seatter of tulbe
spectrum from sample

S

1.GE'D'4 T T T T
0.0

5.0

T L T T T T T T T T

10.0 15.0 200 250
Energy (keV)

300
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Polovodicovy detektor - energetické rozlidenie

Energetické rozlisenie AE,
udavané v eV FWHM

59 ke
(polosirka, Full Width at Half Maximum) : ey
ENC - ekvivalentny Sumovy naboj
(elektronicky Sum) i "Mounting 149 eV FWHM
E-ino - Fanove rozsirenie - e e
(dosledok statistickych fluktuacii pri
interakcii ziarenia s materidlom T
detektora; zakladny limit dany J L ﬁ\
materialom Enarav ko
(pre Sije 118 eV pri 5,9 keV).
Teoretické energetické rozlisenie: AE =2,355VF.E¢

F - Fanov faktor (pre Si F = 0,12), € -priemernd energia potrebna na vytvorenie 1 paru
elektrén-diera (pre Si je e= 3,62 eV*), E - detegovana energia.

Spektrometer X-123 - energetické rozliSenie 145 az 260 eV FWHM pri 5,9 keV

(v zavislosti od typu detektora, tvarovacej konstanty (,,peaking time®) a teploty).

*Priklad: rtg. Ziarenie o energii 5,9 keV vyprodukuje v kremiku 1 640 elektrén-dierovych parov
(ndboj 2,6.10¢ C) , kedZe na kaZdych 3,6 eV odovzdanej energie je vytvoreny jeden elektron-dierovy par.
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UsTAV JAD

Polovodicovy detektor - citlivost

Ucinnost Si-PIN detektora ako funkcia energie registrovaného Ziarenia:

Priklad: pre Al (E = 1.49 keV) je citlivost 60% vo vakuu, avsak len 16% za pritomnosti
vzduchovej medzery 1cm

1.0
| j
Windowless __| //'

In vacuum ‘\V

Ld|

/ﬁ"

N\

/ A
08
/
Vacuum
113 mil window .
/ 1/2 mil window 1 cm air 100 CHTTT
> 08 1 mil window ¥ ~1/3 m@l w?ndow 717 ] 500 pm Si-PIN
g ~~.1/2 mil window 80% with 0.5 mil Be
T I =1 mil window o 1 \
£ ¥ 2 ]
W4 S 60% i
i E /
/ s |
/ / § 40%
i © .
/ 7] ) /
Be B C M O F MNe NaMgAl SiPSCIA CaTi CrFe Cu Ge {/
AL A L] Bt
0.0 . 0% —
1.0E+00 1.0E+01 1.0E+02
01 1.0 10.0 Energy (keV)
Energy (keV)
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XRF spektrum

— UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

1.0E+05 5
] Crk, FeK,
\ :. p‘ / FeK,
10E+04 4 ———F
] " , Ni K,
‘ |n ||‘I| |“ - Ni K
B
| \||' [l
1.0E+03 < Escape | | | ‘ ‘ i Mo K, Mo Kg
] eaks }
2 ’ ‘ ‘ | | || / Compton scatter
5 \ | ‘ | I FeK, , of Ag in anode
8 ‘ | | I | Sum Peak /
ﬂ | U k ‘ ( J ! \
7

1.0E+02 1 — 4
LT N

.

1DE+D1 3 L T ,||||
: | \ ™
Al Ar Filter cut-off of Compton scatter
Environmental tube brehmstrahlung of tube brehmstrahlung
Interference
1.0E+00 r . . . : . . . . : r . r . | ; ;
0 5 10 15 20 25

Energy (keV)
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XRF spektrum —— UJFI

Escape peaks: |When the X-rays interact in the detector, they produce Si characteristics X-rays (1.75
keV). Some of these escape the detector. The deposited energy is reduced, e.g. a 6.4 keV X-ray (Fe
K.) deposits only 4.65 keV. Every feature in the spectrum will have an associated escape feature at
1.75 keV lower energy.

Photoelectron escape continuum: The Si characteristic X-ray may stop in the detector, but the
photoelectron may escape the active volume. The electron loses energy continuously along its path, so
the energy lost depends on the path length. Escaping electrons form a continuous distribution with the

minimum energy deposited at the escape peak.
Photoelectron é
haN

2
ppontsd Photoelectron (\J § o
\TokeV Energy loss ~ ) Si K X-ray
N (\V path length 1.75 keV : i
'« 2
Si K X-ray

2 Incident X-ray
E

inc

Photoelectron Si K X-ray
Photoelectron E -175 1.75 keV/ 1.75 keV
-1.75 e
Full deposition Escape of Si Escape of Escape of X-ray Scatter of Si X-ray from
Photopeak X-ray photoelectron and photoelectron detector dead layer

Figure 8. Sketches illustrating various X-ray interactions responsible for spectral features. The left-most diagram shows
full energy deposition, responsible for the photopeak. The other sketches illustrate the escape of a Si characteristic X-
ray (removing 1.75 keV), escape of the photoelectron (energy lost depends on the path length), both photoelectron and
X-ray escaping, and a photon interacting in the dead layer of the detector, where the Si X-ray reaches the active volume.
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XRF spektrum — UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

Spektrum — pocetnost vs. kanal — kalibracia pomocou referencéne;j
vzorky zndmeho zloZenia — pocetnost vs. energia — identifikacia pikov

[#® Amptek ADMCA  C:\Documents and Settings' katka'Desktoph Cvicenie Experimentalne Metody', 4.10.201 —=1x|
File View MZA Display Analyze DPP Help

S| H|E|B=|2] ol 2|8 S]] 2 |m|m]wn| i e @les] 2N oK e)e |

x
i X DP5 (s/n  10316)

— live_data Tag:
A —  live_data 1 live_data_1
Mode MCA

L B e BB
1=
=
=~

Gross Area 14116

Channels 2048
x] LLD Thresh  0.88% Fs
Start | Endl F\N’HM...l Net Areal Grogs &.. | Centloid...l Uncertai... | Status | Fast Tr!r&ch n
141 16 0.000 127 31 143 17.60 MARGL.. Peak Time  22.4us
152 182 0125 855 1416 168 513 GOOD Gain 26.79
1050 447 479 0aM 788 1853 454 EBE  GOOD Gain Delta
525 557 0183 119991 129851 541 033 GOoOD Preset Mode Seconds
r 581 603 0148 20109 0242 5.94 1.00  GOOD Preset 300
r 615 EEE D167 297035 307403 £.40 019 GOoOD Accum Time 120.00
- GE0 722 D168 40919 52939 7.05 0E2  GOOD
: 730 768 0165 3m|E 43N 747 088 GOOD o os
r A’ 741 157 184F, 14116 825 116 GOOD put Loun
184 Input Rate 8951.07
r Dead Time  30.36%
r Start Time:
L 01/22/2009 00:15:47
L Status:
iiZ discennected
- Peak Information:
r Centroid (N} 8.25
L FWHM (N} 0.167
e Net Area 4846
- Uncertainty  3.16
L Net Rate 57.99

Det. Temp 232K
Board Temp 29°C

Det. HV 182V
Cursor Range LOG Scale
Channel 841 20.28 -
w Sy
Count 517 P ] 31027 =l
[SE (0 detected) L} UM
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XRF spektrum ——UJFI

Mosleyho zakon:

. ) _ Ry Z* RgooZ?
* Energia elektronu na n-hladine: E, = —hc —

n2 n2

Ro, = 1.097 x 10" m™1; Rgo, = 13.06 eV, Z— naboj jadra

* Prechod z hladiny E; na E;— emisia fotonu: Ei —Ef = hv
(1 1\ 3R, Z?
Ko prechod z L-vrstvy (n=2) na K-vrstvu (n=1): Exe = —RuZ | 5 — 5| =
2 1 4
3Rgw (Z — 1)2 o ::n ;5?.2268:00..7062 "
* Moseley Exoa = 2 |i 0
° 3REooZesz g 110}
EKCZ = 4 !5 100

Il
45 50

Atomic number Z 36



XRF spektrum

— UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

Mosleyho zakon:

\/T = kl'(z ~ kz)

f—frekvencia emisnej Ciary

* k1, k2 — konStanty zavislé od typu Ciary
e Z-—protonové Cislo

= TaZ3ie prvky = vyssie energie (Z, < Z;)
= L-Ciary nizSia energia ako K-Ciary

-  } K
& TYPICAL
g K n X-RAY SPECTRA

Material B
‘ L L

Material A —/

cut-off, 2.

R 78} -+ A
Yb 70
S . 4
Md 60
Sn 50
Zr 40
et
Zn 30
Mn 25

Ca 20

8 10 12 14 16 18 20 22

,\/ Frequancy (Hz)
1016
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XRF spektrum ——UJFI

Vyhodnotenie xrf spektra:

Napr. programy ADMCA a XRS FP:

L stanovenie energii charakteristickych Ciar (poloha pikov) — identifikacia
prvkov pritomnych vo vzorke (kvalitativha analyza)

L analyza intenzit emisnych Ciar (plocha pikov) — informacia o koncentracii
skimaného prvku vo vySetrovanom materiale (kvantitativna analyza);
(Vplyv ucinnosti detektora, geometrie, hrubky vzorky a dalsich interakénych
procesov vo vzorke = komplikovana zavislost intenzit Ciar a koncentracie
prislusného prvku)
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Kvalitativna analyza — UJFI

|dentifikacia charakteristickych pikov:

* Jednoducha v pripade dobre rozlisSenych pikov (vzdialenost > 2xFWHM)
* ZlozitejSia v pripade komplexného spektra obsahujuceho prekryvajuce sa piky

Charakteristicky pik ma tvar Gaussovho rozdelenia:

[ 1(E — E\°
N(E) = N, exp ——< )

2 o

(redlne - odchylky mozné, napr. vysoké pocetnosti, Comptonovsky
prispevok z dovodu Specifickej orientacie vzorky, a i.)

Metoda korekcie polohy a plochy piku:
zalozena na znamych pomeroch intenzit prechodov

XRAYLIB: http://ftp.esrf.eu/pub/scisoft/xraylib/xraylib_tables_v2.3.pdf
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Databaza “Xraylib”
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UsTAV JAD

Element: Fe, Z= 26

Edge energy, radiation ratio and jump for Fe (Z= 26)

La Lo L K

2p3/2 2']5'1/2 2"5‘1/2 15‘1/2
Edge [keV] 0.708 | 0.721 | 0.846 | 7.112
Fluor Yield (xraylib) | 0.006 | 0.002 | 0.001 | 0.336
Fluor Yield (Krause) | 0.006 | 0.006 | 0.001 | 0.340
Jump Factor 3.099 | 1.400 | 1.129 | 7.893

XRF line energies and fractional radiative rate for Fe (Z= 26)

KLy | KLy | KM;3 | KM,

Koy | Kay | K31 | K33
Line energy [keV] | 6.404 | 6.391 | 7.058 | 7.058
Radiative rate 0.581 | 0.297 | 0.081 | 0.041

LMy | LoMy | LoNy | LyMs | LM,

L3y | LBy | Lyt | Lay | Ll
Line energy [keV] | 0.792 | 0.718 | - 0.705 | 0.615
Radiative rate 0.632 | 0.910 | - 0.814 | 0.086

1
J=1-—

Ts
J - jump factor
Ts - absorption
edge jump ratio

Radiative rate —»
pravdepodobnost
emisie danej
energie
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Kvantitativna analyza

Kvantifikdcia = uréenie koncentracie -
prvku vo vzorke z meraného 4
fluorescencného signalu
prislusného prvku

90000

|dedlne:
linearna korelacia
Realne:
medziprvkove efekty
— odchylka od linearity

g
g

g
g

g
g

50000

g
g

30000

measured Intensity / cps

g
g

g
g

Korelacia meranych intenzit |
a koncentra’Cie prVku 0 10 20 30 40 50 60 70 80 90 100
— kvantifika¢né modely rdznej zloZitosti — ~ ©"eereon/*

o
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Kvantitativna analyza - modely — UJFI

 Fyzikalne modely (Fundamental parameters methods - FP)
= vypocet zohladnujuci “vSetky” fyzikalne procesy vyuzivajuci zname
ucinné prierezy a pravdepodobnosti

= bez potreby standardov
= vzorka musi ,sediet” s modelom (rozmery, hustota,...)

J Matematické modely (Empirické, Lucas-Tooth model - LT)

= priama korelacia medzi meranymi intenzitami a koncentraciami

" meraneé spektra su porovnané s dostatocne podobnymi
referencnymi spektrami

= potreba vacsieho mnozstva Standardov

D Zm iega né mOd ely One of many ways to write down Sherman’s equation:

= Standardami podporena FP metdda HU Q<>— dr e
" FP-modelom podporené empirické modely

o
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Analyzovand hibka — UJFI

Zoslabenie zvazku fotonov — absorpcny zakon:

I I i
— —eTHE —p p x:pd‘dzl IO=—llTlL
JE

%- hmotnostny koeficient zoslabenia [cm?/g]

U - linedrny koeficient zoslabenia [cm™]
x - plosna hustota [g/cm?]

d - hrubka [cm]

p - (objemova) hustota [g/cm?3]

“io or ienln. omifg

Hibka vniku: |d=—+ln—=—~ln-=-
a vniku: Pl oG =

1, 1 1, 1 _ In2

ibka:|dip = ——In—=—=Iln-=—
Polhrubka:| d1 /2 7 e PR ”

https://physics.nist.gov/PhysRefData/XrayMassCoef/tab3.html
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https://physics.nist.gov/PhysRefData/XrayMassCoef/tab3.html
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Hlbka vniku — UJFI
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USTAV JADROVEHO A TYZ.l.K‘.\lN[NQ INZINIERSTVA

Konfiguracia realneho experimentu:

@ = Y = 45° - redukcia prispevku rozptylu - Compton, Rayleigh

Detector 2

Ni1a = Nio exp (- ui pr d / cosp), Nid = Nio exp (- it ps d / cosy)
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Hibka vniku — UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

Dry Air
15000 -
‘E 10000 -
=
=
(=
['7]
o
)
i=]
®
@
=
&
5000 -
| | | I
0 20 30 40
keV
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Analyzovana hibka (“Information depth”)
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U
USTAV JADROVEHO A FYZIKALNEHO INEZINIERSTVA

* Energia ziarenia
e Zlozenie vzorky
* Hustota vzorky

= Prvky s vyssimi hodnotami
energii  su v  nizkych
koncentraciach
identifikovatelné lahsie!

Element Emission Energy Depth

Line (keV) (um)
@) Kal 0.53 0.01
Na Kal 1.04 7
Mg Kal 1.2 9.6
Al Kal 1.47 17
Si Kol 1.74 27
P Kal 2.01 13
Ca Kal 3.69 64
Cr Kal 5.41 192
Fe Kal 6.40 300
Cu Kal 8.01 580
Zn Kal 8.64 770
Pb Lal 10.55 1130
Zr Kal 15.78 3 840
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Atmosféra — UJFI
US'A\" JADROVEHO A FYZIKALNEHO INZINIERSTYA

= Vplyv atmosféry a materialu okienka aparatury
(napr. HHXRF — plastové ochranné okienko)
= Cim lah&i prvok — tym vyznamnejsi vplyv!

v" Vzduch

v" Vakuum

v" Hélium
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Atmosféra _— UJFI

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Vzduch — vakuum:

x 1E3 Pulses

j . With Vacuum \ /'\

. Without Vacuum ‘

\ / A /

AN 11 E O N ,l\Lm%’f—’/f N/X” Ll \

1,74 keV 3,69 keV
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Atmosféra
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Hélium — vakuum:

|J {\4 [\\ \
o | [ With Helium L !/,\ \ i
_ .With Vacuum \ '» \\ /1’ \ / \\ | \ "
UV I YL LA
| | A
UL | .J\\:&?_J/ | N

. With Helium

. With Vacuum

3

i
|
|
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Atmosféra — UJFI
STAV JADROVEHO A FYZIKALNEHO INZINIERSTYA

Vplyv okienka:

x 1E3 Pulses

- Helium, No Prolene
- Vacuum, With Prolene

300+

200

100

-keV -
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Rozdelenie XRF podla geometrie:

>

detektor

e
vzorka

monochromator

GIXRF (grazing-incidence x-ray fluorescence)

Rtg. zdroj

modulacia uhla dopadu
okolo kritického uhla — hibkovy profil,
3D prvkova distribucia na nm skale

» TXRF (total reflection x-ray fluorescence)

staticka metdda, totalny odraz, uhol dopadu niekolko min,
tenkd vzorka, hlbka vniku niekolko nm, vyssia presnost (0,01 pg)

K-XRF, 3D-u-XRF (micro x-ray fluorescence)

fokusacia zvazku, rozliSenie radovo um, (3D profil)

XAS (X-ray absorption spectroscopy)
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Rozdelenie podla spbsobu detekcie:

> EDXRF
(energy dispersive x-ray fluorescence)
Ziarenie registrované v celom
energetickom rozsahu
energetické rozlisSenie 120-600 eV pre

detector

5,9 keV (Mn K, ); detekény limit lepsi pre amplifier and
tazké prvky ™ analyser
> WDXRF
Swavelength disperfive x-ray fluorescence) o
Ziarenie separované podla energie source

difrakciou na krystali

energetické rozliSenie 5-20 eV pre 5,9 keV (Mn
K,), lepSie detekéné limity, ale drahé zariadenie
(krystal, optika) a dlhé ¢asy merania, 100x
nizSia ucinnost

detector
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Réntgenova fluorescenénd analyza (RFA) — UJFI

S
3
S
<

nedestruktivnost

dostupnost

rychlost (sekundy az minuty)

dobra presnost ug/g (ppm)

nezavislost od chemickych vazieb

moznost analyz v teréne (,in-situ”) — prenosné XRF analyzatory

jednoducha, resp. takmer ziadna priprava vzorky

D N N N N N Y NN

rozsah analyzovanych prvkov - teoreticky: prvky lahsie ako bor (B,

optimalne od fluoru 4F, dobré hodnoty od sodika ;;Na — po 4,U
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Réntgenova fluorescenénd analyza (RFA) — UJFI

Nevyhody:
v’ detekény limit typicky 10 ppm
v presnost — relativna chyba niekolko %
v’ obtiazna identifikacia lahkych prvkov
= absorpcia ziarenia pred dopadom na detector

= preferencia deexcitacie emisiou Augerovych elektronov
v environmentalne artefakty v spektre

v’ zlozitost vypoctu pri pouziti metddy fundamentalnych parametrov
Dobreé vysledky vyzaduju:

v' pripravu vzorky (mletie, mieSanie s pojivom, lisovanie)
v’ optimalizaciu meracej aparatiry (atmosféra, parametre elektroniky;,..)
v vhodné kalibra¢né standardy (matrica podobného zloZenia)
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Pristrojova technika

EDXRF

Technical details:

https://www.bruker.com/products/x-ray-
diffraction-and-elemental-analysis/x-ray-
fluorescence/s2-polar.html
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https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-fluorescence/s2-polar.html
https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-fluorescence/s2-polar.html
https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-fluorescence/s2-polar.html

Pristrojova technika —— UJFI

WDXRF

Technical details:

https://www.bruker.com/products/x-ray-
diffraction-and-elemental-analysis/x-ray-
fluorescence/s6-jaguar.html?campaign=S6-
Jaguar-Europe-(XRF)&gclid=EAlalQobChMIx-GL-
M3R7AIVhpSyChO15wIXEAAYASAAEgIk2 D BwE
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https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-fluorescence/s6-jaguar.html?campaign=S6-Jaguar-Europe-(XRF)&gclid=EAIaIQobChMIx-GL-M3R7AIVhpSyCh015wIXEAAYASAAEgJk2_D_BwE
https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-fluorescence/s6-jaguar.html?campaign=S6-Jaguar-Europe-(XRF)&gclid=EAIaIQobChMIx-GL-M3R7AIVhpSyCh015wIXEAAYASAAEgJk2_D_BwE
https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-fluorescence/s6-jaguar.html?campaign=S6-Jaguar-Europe-(XRF)&gclid=EAIaIQobChMIx-GL-M3R7AIVhpSyCh015wIXEAAYASAAEgJk2_D_BwE
https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-fluorescence/s6-jaguar.html?campaign=S6-Jaguar-Europe-(XRF)&gclid=EAIaIQobChMIx-GL-M3R7AIVhpSyCh015wIXEAAYASAAEgJk2_D_BwE

Pristrojova technika — UJII

ADROVEHO A FY

WDXRF

Mask changer
Vacuum seal

Collimator changer

Filter wheel
Heavy elements Light elements
setup setup

X-ray source

Crystal
changer

Scintillation counter Proportional counter
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Pristrojova technika —— UJFI

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

HHXRF (Hand Held), PXRF (Portable) ;‘*” | <o

Miniaturny rtg. zdroj: MOXTEK
af:;:‘; < o
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Pristrojova technika

UsTAV JAD

__ ~
-
S
ROVEND A FYZIKALNEHO INZINIERSTVA

HHXRF (Hand Held), PXRF (Portable)

TRACER 5g
Sensitivity
Element | LOD (PPM)
(Counts/PPM)
Na 312 0.62
Mg 122 2.13
Al 134 4.41
Ca 24 14.04
Fe 50 25.87
TRACER 5i
Sensitivity
Element | LOD (PPM)
(Counts/PPM)
Na 828 0.20
Mg 185 1.17
Al 177 3.08
Ca 22 16.10
Fe 48 30.03

LOD = Limit Of Detection

TRACER 5g

Detector window: 1 um Graphene
Analysis range: Detects from 4F to 4,U
(with He atmosphere, removal of the
instrument analysis window);
analyzes from ;;Na - 5,U

Ideal for art, archeology and advanced
materials applications

TRACER 5i

Detector window: 8 um Beryllium
Analysis range: Detects from ;;Na to 4,U;
analyzes from ;,Mg - 3,U

Ideal for geosciences applications
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Pristrojova technika

HHXRF (Hand Held), PXRF (Portable)
Aplikacie:
= nutricné prvky v krmive — Ca:P, Na

= Fev kakaovom prasku o4
R < /

= Pvoleji (fosfaty)

» 3 4
= jdentifikacia zdroja kontaminantov v potravinarskej produkcii —

sklo, kovy, plasty, keramika, kamene — odkial?

Illustration of baking production line equipment
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Pristrojova technika

TXRF (Total Reflection XRF)

v Ultra-Trace Element Analysis
v" LOD in the sub-ppb range

v alternativa k ICP — vyhoda: Siroka
skala vzoriek na réznych nosicoch, na
rozdiel od ICP — len rozpustené
kvapalné vzorky, + rychlost a naklady

Sample preparation

‘ Grinding (grain size < 20 m) ‘

‘ Weighing of 100 mg in 15 ml vials ‘
|

‘ Suspension in 5 ml Triton X100 solution ‘

‘ Addition of internal standard solutions ‘

‘ Treatment in ultrasonic bath for 3 min ‘

Pipetting 10 ul on siliconized quartz carrier,
while samples are shaken at 900 r/min

v

Quarz glass

1,
12298.0101

T
Tritan® X.
o X-100
T Chvamasograhe
Mon” X-100
. omatoraghy

SR

[

Drying in vacuum |

»

61



Pristrojova technika —— UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

S4 T-STAR - Measurement program

1 2
H He
Hydrogen Helum
El 4 5 6 ri 8 9 10
Li Be B Cc N (o] F Ne
Lithium Beryllium Boron Carbon Mitrogen Oxygen Fluorine Meon
11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
(22 23 24 25
Ti v Cr Mn
Titanium | Vanadium | Chromium |Manganese

L
Lanthanides

a7 98 99 100 101 102 103
Ac Bk Cf Es Fm Md No Lr

Actinides Berkelium | Californium | Einsteinium| Femium [Mendelesium| Mobelium | Lawrencium

Impossible to analyse

-Internal standards

Analysed using K-lines (W-L excitation)
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Pristrojova technika _——=UJFI

TXRF (Total Reflection XRF) R

v" Farmaceuticky priemysel F‘\ i
(detekcia katalyzatorov v aktivnych zlozkach a aditivach) o

v Vyzivové doplnky: Ca, P, Mg, Zn, Se, |, Mo
v Potraviny:

= stopoveé prvky: Ca, P, Mg, Na, K, Cl, Fe, Zn, Cu, Se, |

= tazké kovy: As, Cd, Pb, (Hg)

= vzorky pevné (susenie, mletie..) aj kvapalné (mlieko: Na, Mg, I,...od Na
po U)

v’ Zivotné prostredie: kontamindcia odpadovych vdd tepelnych
elektrarni selénom
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Pristrojova technika — UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

LXRF

v Priestorové rozliSenie priemeru radovo pum,
fokusacia luc¢a uzkou Strbinou, vysoka intenzita
fokusovaného zvazku, lepSie rozliSenie pre malé
rozmery

v" Aplikacie: sudnictvo (odtlacky prstov — Nadcl,
KCl), prvkové mapy, mineralégia, elektronika,
analyza viacvrstvovych naterov, detekcia mikro-
kontaminacie, bioldgia a Zivotné prostredie.

EEREEREER R e

https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/micro-xrf-and-txrf.html
https://www.bruker.com/fileadmin/user upload/8-PDF-Docs/X-
rayDiffraction ElementalAnalysis/mXRF/Brochures/Bro m4 tornado 8p en rev3 3 lores.pdf



https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/micro-xrf-and-txrf.html
https://www.bruker.com/fileadmin/user_upload/8-PDF-Docs/X-rayDiffraction_ElementalAnalysis/mXRF/Brochures/Bro_m4_tornado_8p_en_rev3_3_lores.pdf
https://www.bruker.com/fileadmin/user_upload/8-PDF-Docs/X-rayDiffraction_ElementalAnalysis/mXRF/Brochures/Bro_m4_tornado_8p_en_rev3_3_lores.pdf

Aplikacie - prehlad ——UJFI

»* kovospracujuci priemysel
s+ sklo, keramika a stavebné materialy
** natery a produkty na baze mineralnych olejov

»* historické objekty a umelecké predmety (pigmenty v malbach,
zistovanie pravosti umeleckych predmetov, datovanie v
archeoldgii)

s pritomnost tazkych kovov
O biologické vzorky, napr. vlasy, kosti, krv

O potraviny, vzorky z prostredia — vzduch, voda, p6da

)

*  Studium meteoritov

L)
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Aplikacie —— UJFI

USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

% Studium meteoritov

AN XRF STUDY OF METEORITES. K C. Davian'?, B.G. Mayne', and A J. Ehlmann'. ' Department of Geolo-
gy. TCU Box 298830, Texas Chnistian University, Fort Worth, TX 76109, 2 Department of Physics, Bard College,
P.0. Box 5000, Anmandale-on-Hudson, NY 12504-5000

Mn (kev “counts)
§
U=

0 5 10 15 20 25 30 5

SifMg

Figure 1. A graph of Si/Mz vs Mn for each group of meteorites examined

43rd Lunar and Planetary Science Conference (2012)
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Aplikacie —UJFI

USTAV JADROVEHO A FYZIKALNEHO INEZINIERSTVA

“* medicinske aplikacie — vyskum karcinomov — hodnotenie druhov
a stadia nadorov (TXRF)
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26
0 0 0
24 862.5 1725 2587.5 3450 862.5 1725 2587.5
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20 4 3400 .30 3400
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E €
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A wedn Fig. 2. Distribution of K, Fe, Zn and Ga in dried residues of digested brain glioma. Concentrations in pg/cm?.
GM RM OA SA SG Gw GA ow RP g
D standard deviation

type of cancer 95% confidence level

Fig. 3. Concentrations of Cu in neoplastic tissues. GM—brain tumor, RM—cerebral abscess, OA—atypical transitional meningioma, SA—anaplastic oligodendroglioma, SG—oligoastrocytoma,
GW—glioblastoma multiforme, GA—anaplastic astrocytoma, OW—fibrous meningioma, RP—metastatic carcinoma.

M.W. Lankosz, Spectrochimica Acta Part B 101 (2014) 98-105
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** medicinske aplikacie — vyskum karcindmu mozgu

Ar
1000+ S
o) ] \
o
c
g g' Ca /
s 1005 P | <85 Kr Ka |
B2 | 'ZnK
£ | | MMy
= |
8 104 I

L
{7 M m

Fe KB | | |
1 Cu Ka “
0 5 10 15
energy (keV)

Fig. 1. XRF spectrum of cancerous brain tissue obtained at an energy of 16.5 keV.

A. Wandzilak, Spectrochimica Acta Part B 114 (2015) 52-57
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Aplikacie

*** medicinske aplikacie — vyskum karcindmu mozgu

100 Ca 800

700 = 0.20 =~
£ £
- S
e 0.15 e
3 > >
2 Z 0.10 ‘@
= [ oo
= z
o] 0.05 @
(4] (4]
e t
0 ‘ 2 0.00 2

0 50 100 150 200 350

(um)

Fig. 4. Ca, Zn and Cu distribution maps in the benign tumour tissue containing calcifications.

Mapy priestorového rozlozenia Ca, Zn a Cu v benignom tkanive tumoru
obsahujucom kalcifikaty.

A. Wandzilak, Spectrochimica Acta Part B 114 (2015) 52-57
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USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

*** medicinske aplikacie — vyskum karcindmu mozgu
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Fig. 3. The average surface densities of 5, Ca, Fe and Zn as a function of the malignancy grade of the tumour.

Priemerné povrchové hustoty S, Ca, Fe a Zn ako funkcia stupria malignity tumoru.

A. Wandzilak, Spectrochimica Acta Part B 114 (2015) 52-57
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